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(54) Title: INTRALUMINAL STENT 

(57) Abstract 

Intraluminal stents and 
methods of manufacturing 
intraluminal stents are 
disclosed in which the 
stents have a plurality of 
recesses in the body of 
the stent, at least some 
of the recesses preferably 
providing a plurality of 
passageways between the 
inner and outer; surfaces 
of the stent. The preferred 
stents are constructed of 
films on support structures 
having spaced apart elements, 
with the films having a 
thickness of between about 
25 micrometers and about 
400 micrometers. The 
stent can also be treated 
with an antithrombotic or a 
thrombolytic substance and, 
in some cases, the stents can 
incorporate therapeutic agents 
for delivery. The methods of 
manufacturing stents include 
forming the films using a 
solid particulate material that 
can be substantially removed 
after the film is formed, 

thereby forming the recesses and corresponding passageways described above, 
soluble in a solvent in which the film is substantially insolvent. 




In preferred methods, the solid particulate material is 
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Related Applications 

U S provisional patent applicatid^ serial no 60/018,361 filed May 15, 1996, which is 
hereby to 

Background of the Invention 

This invention relates to a method for lessening restenosis of body lumens and 
to intiaiiimirial s^ 

Restenosis is the cto^ or coronary artery followrig trauma to 

the artery caused by efforts to open an occluded portion of the artery, such as, for 
example, by dilation, ablation, atherectomy or laser treatment of the artery. Fbr these 
angioplasty procedu restenosis occurs at a fate of about 20-50% depending on the 
vessel location, lesion length and a number of other variables. Restenosis is believed 
to be a natural heal irig reaction to the injury of the arterial wall that is caused by 
angioplasty procedures. The healing reaction begins with the clotting of blood at the 
site of the inj ury - The filial result of the complex steps of the healing process is 
intimal hyperplasia, the migration and proliferation of medial smooth mm cells, 
until the artery is again stenotic or occluded. 

In an attempt to prevent restenosis, metallic intravascular stents have been 
permanently implanted in coronary or peripheral vessels. The stent is typically 
inserted by catheter into a vascular lumen and expanded into contact with the diseased 
portion of the arterial wall, thereby providing internal support for the lumen. 
However, it has been found that restenosis can still occur with such stents in place. 
Also, the stent itself can cause undesirable local thrombosis. To address the problem 
of thrombosis, persons receiving stents also receive extensive systemic treatment with 
anticoagulant and antiplatelet drugs. 

To address the restenosis problem, it has been proposed to provide stents 
which are seeded with endothelial cells (Dichek, D.A. et al Seeding of Intravascular 
Stents With Genetically Engineered Endothelial Cells; Circulation 1989; 80: 1347- 
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1 353). In that experiment, sheep endothelial cells that had undergone retrovirus- 
mediated gene transfer for either bacterial beta-galactosidase or human tissue-type 
fylasmbgenacU 

>Vere coyeredi The cells were therefore able to be deli verfed tb the vascular wail where 
they could provide therapeutic proteins. Other methods of providing therapeutic . 
substances to the vascular wall by means of stents have also been proposed such as in 
international patent application WO 91/12779 "Intraluminal Drug Eluting Prosthesis" 
: and international patent application WO 90/13332 "Stent With Sustained Drug 
Delivery". In those applications, it is suggested that antiplatelet agents, anticoagulant 
agents, antimicrobial agents, antimetabolic agents and other drugs could be supplied 
in stents to reduce the incidence of restenosis. 
Stents employ 

agents have been proposed in many patents such as U.S. Patents 5,419,760; 
5,342,621; 5,380,299; 5,429,634; 5,304,121; 5.383,928; 5,443,458; 5,336,518; 
5,356;433;5^ 

5;449,372, In particular, it has been recognized that in order to obtain tmly antir 
thrombogenic surfaces, proper immobilization of the biomolecules is key. Larm 
presented (in U.S. Patent 4,6 1 3,665) a method to activate heparin via a controlled 
nitrous acid degradation step, resulting in degraded heparin molecules of which a part 
contains a free terminal aldehyde group; Heparin in this form can be covalently ;•; 
bound to an aminated surface in a reductive amination process. Although the 
molercule is degraded and as a result shows less catalytic activity in solution, the end 
point attachment of this type of heparin to a surface results in true anti-thromogehicity 
due to the proper presentation of the biomolecule to the surface. In this fashion, the 
molecule is freely interacting with AT-1II and the coagulation enzymes, preventing 
the generation of thrombi and microembbli. 

Besides the coupling of heparin via its natural functional groups or through a 
terminal aldehyde group, coupling of heparin via aldehyde groups randomly 
introduced into the chain by means of periodate oxidation has also been described. 
Solomon et al (in U.S. Patents 4,600,652 and 4*642*242) and Hu et al (in U.S. Patents 
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^4i^ 

dxi^tiphito l aminated polyure^ 

stably bbund heparin with the inventors claiming excellent ^tithrombogenicity for 
the material. 

Also proposed are stents which employ perforations or p 
tissue ingrowth can occur such as U.S. Patents 4,776,337; 5,1 63,598; 5, 1 63;952; 
; ;5^8,020; and ^306,286: ; U S No/5,258,020 discloses a stent made entirely 

of a polymer that exhibits an elastic memory that facilitates expansion of the stent 
within a bipod vessel. 

Summary of the Invention 

The present invention provides methods of manufacturing stents having a 
plurality of recesses in the body of the stent, at least some of the recesses preferably 
providing a plurality of passageways between the inner and outer surfaces of the stent. 
While \^ do not wish to 

locus for deposition of substances in the blood stre^ 

of the body 's natural healing response and at6 therefore recognized by the immune 
system as "friend ly v rather than "foreign" bodies; Teisting of this concept has 
revealed that a very thin neointima has formed on the stent at 28 days following 
implantation rather than the thicker neointima typical of implanted stents. 

The recesses may be smaller than one micrometer in diameter or as large as 
1000 micrometers in diameter, more preferably about one micrometer to about 100 
micrometers, and even more preferably about 25 micrometers to kbout 60 
micrometers. It is preferred that the passageways formed by the recesses have 
diameters of about 5 micrometers to about 100 micrometers to facilitate cell migration 
through the passageways. Our testing of this concept, as well as the literature^ has 
revealed that cells can migrate easily into passageways formed in such stents. 

The stent can also be treated with an antithrombotic or a thrombolytic 
substance that is capable of reducing the incidence of restenosis at the site of a 
vascular injury. If so treated, it is preferred that the antithrombotic or thrombolytic 
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substances doiiptW 
antithrombpgenic or Aro 

contacting surface provide protection against acute thrombosis that is otherwise likely 
tap 

5 In one aspect, methods of manufacturing stents according to the present 

invention include ^ 

material, the particulate material being soluble in a first solvent; coating at least a 
portion of the mandrel with a film-forming material, wherein the film-forming 
material is insoluble in the first solvent; curing the film-forming material on the 
10 mandrel to form the body of the stent; and dissolving the particulate material with the 

first solvent, wherein a plurality of recesses are formed in the body. 

The methods According to th^ present invention may ais^ forming the 

plurality ofrecesses in both the inner and outer surfaces of the body. If so formed, it 
is preferred that at least some of the plurality of recesses in the inner surface open into 
15 at least some of the plurality ofrecesses in the outer surface to form the plurality of 

' • passageways between the i^ 

desirable to coat the film-fo 
material before th^ 

The method according to the present i nvention may also include a support 
20 structure including spaced-apart elements, typically wires. It is preferred that wire be 

wrapped around the mandrel before coating the mandrel with the film-forming 
material. It is even more preferred that the wire be wra^ 
before the step of coating ^ 

The film-forming material may include metallic, polymeric, or metallic and 
25 polymeric materials. Preferably, the film-forming material is a^^ 

At some point during the manufacturing process, stents according to the 
present invention include a body having a generally cylindrical shape, the body 
having an outer surface and an inner surface; and particulate material embedded into 
the body, the particulate material being soluble in a first solvent. 
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It is preferred that the particulate material is embedded proximate the inner 
and outer surfaces of the body . The body :pf the stent may also include a supporting 
structure h^ 

: 1 1 is i^ilsio ; preferred tiiat the body i of the ; stent cpmprise a fi 1 mV wherein the 
peculate mate 

metals, and combinations thereof. 

Stents according to the present invention can be made in virtually any 
configuration and can be delivered conventionally by catheter to the site of the 
luminal closure or restriction. A method for making such a stem and a method for 
treating restenosis with the stent is also disclosed. ; 

. Brief Description of Ithe Orawiilgs 

Fig. 1 isi^pl^h vie the 
• .present invention. 

Fig. 2 is an elc vational view of the wire of Fig. 1 being wound on a mandrel to 
produce a hollow cylinder. 

Fig. 3 is a photograph Of a epm^ present invention. 

Fig. 4 is a pihotograph bf the stent of Fig. 3 compressed onto a balloon delivery 
catheter. 

Fig; 5 is a photogra^ coating, : 

Fig. 6 is a photograph of the outside surface of the polymeric film of Fig. 5 at 
higher mkgnification. 

Fig. 7 is a pfotbgraph of the inside surface^ film of Fig. 5 at 

higher magnification. 

Fig. 8 is a photograph of an edge surface of the polymeric film of Fig. 5 at 
higher magnification. 

Fig. 9 is a photograph of a polymeric film with a heparin coating. 

Fig. 10 is a photograph of the outside surface of the polymeric film of Fig. 9 at 
higher magnification. 
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Fig; 1 1 is a photograph of the inside surface of the polymeric film of Fig- 9 at 
hi gher magnification. 

Fig. 12 is a photograph of an edge surface of the polymeric film of Fig. 9 at 
higher magnification. 

5 Fig. 13 is a photograph of a cross-section of an uninjured artery and implanted 

stent according to the present invention. 
Fig. ^ 

Fig, 15 is a magnification of a portion of the photograph of Fig. 13. 
Fig. 1 6 is a magnification of a portion of the photograph of Fig. 13, 
10 Fig. 1 7 is a photograph of a cross-section of an injured artery and implanted 

stent according to the present invention. 

Fig. 18 is a magnification of the photograph of Fig. 13. 

Fig. 1 9 is a magnification of a portion of the photograph of Fig. 13. 
F% 20 is a 13. 

'M-y . . : : C x ;:Vi: ;: : :V ' , : . .' • : > s . :r y ' : . : '- \ • •'; ■ ■'; 

Detailed Description 6f tfo Invention 

: Tliete^ a medical implant ih the form o f a hollow 

cylinder which when site in the wall of a lumen to be 

treated, \yi 11; include especially devices 
20 delivered percutaheously to tre^ cbrohary artery occlusions and to seal dissections or 

aneurysms of ^ iliac and popliteal vessels. 

Preferably, the present invention is adapted for use in blood vessels 

such that the stent has an outer, lumen-contacting surface, and an inner, blood- 
contacting surface. The stent can also have underlying polymeric or metallic 
25 stmcturaj eliements onto which a film is applied. For example, a deformable metal 

wire stent such as t]K^t disclosed in U S. Patent 4,886,062 issued to Wiktor, which is 
incorporated by reference herein in its entirety, has spaced-apart metal elements which 
would be suitable for a stent according to the present invention. 

The intraluminal stent according to the present invention includes complete 
3 0 360 degree luminal coverage with a plurality of recesses on the blood contacting 
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surface and the outer luminal surface. The blood contacting surface includes a 
plurality of lands separating the recesses formed therein The lands can be treated 
with an antithrombotic or a thrombolitic substance to provide protection against acute 
thrombosis that is otherwise likely to occur with an irregular surface having such 
recesses. ": • 

i The recesses in both the outer luminal surface and the inner blood-contacting 
s^ of aS large; is 1 GOD 

micrometers in diameter, preferably about 1 micrometer to about 1 00 micrometers, 
and even more preferably about 25 micrometers to about 60 micrometers; The 
recesses can be formed as pores in a polymeric film or can also be produced by 
layering sniaH fibers of metals,^ 

Preferably; the recesses communicate with the luminal portion of the stent by 
means of communicating passage recesses bri the blood-contacting 

surface and the lumen-cpntactihg In other words, at least some of 

the recesses formed in the luminal surface preferably open into the recesses formed in 
the opposing blobd-cdntacU a plurality of passageways are formed 

through the body of the stent. The passageways are preferably large enough to allow 
cellular ingrowth through the passageways . Passageways having a diameter in the 
range of about 5 microns to about 100 microns have been found to readily permit 
cellular migration and growth. 

It is also preferred that the stent be made with a structure which supports its 

Spaced-apart metal elements, such 
as those discussed above:, can be coupled to a film having the properties indicated 
above. Preferably, the spaced-apart metal elements are incorporated into the material 
forming the recesses so that the metal elements are at least partially confined or 
encapsulated within the film. More preferably, the spaced-apart metal elements are 
completely encapsulated within the film. 

The thickness of the films used in connection with the present invention can 
vary. The films are not intended to serve as structural support mechanisms for the 
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J:/-;:. ;^0r-'-^v: > ^ ^ ); V//#^" • : , :' : ;ft = L- ;.• 

tissue between spaced-apart eleniients of the sterits Rather; the films are su^plwd 
priiite 

for Carryjhg and/or delivering* e g , antithrombotic or thrombolytic substances or other 
therapeutic agents. A preferred range for:^ about 25 

5 micrometers to about 400 micrometers. 

The thickness of the film can be based on a variety of factors. In general, 
however, it is desirable for the film to be thick enough to at least partially encapsulate 
the spaced-apart elements supporting the film, more preferably the film is thick 
enough to com^ 

10 v The porous films used in connection with the present invention are also 

preferably provided with a grafted antithrombogenic or thrombolytic surface which 
does not obstruct the recesses and passageways formed in the films. It may be further 
preferred to provide the antithrombogenic or thrombolytic surface only on the lands of 
the film, i.e., those portions of the film that are located between the recesses and/or 

IS passageways formed in the films. 

Iritraluhiinail stents including a thin film having recesses and passageways as 
discussed above, in combination with antithrombogenic or thro 
: which dp hot bip significant 
: advantages; Although we do not wish to be boiihd by any particular theory, it is 

2 0 considered that such a stent provides a locus for deposition of substances in the blood 

stream, such as fibrin, which are part of the body's natural healing response and are 
therefore recognized by the immune sy stem as ^friendly" rather than "foreign" bodies . 
is maintained. Because the film is relatively thin and at least the exposed surfaces are 
provided with antithrombogenic or thrombolytic substances, the responses generally 

2 5 considered to cause the thicker neointima typical of implanted stents may be avoided 

when implanting stents manufactured according to the present invention. As 
indicated above, tests performed on represientative stents have revealed that a limited 
neointimah^fo following implantation. 

The methods of manufacturing stents incorporating films in accordance with 

3 d ilie present invention include forming the films using a solid particulate material that 



WO 97/42911 



PCT/US97/07973 



eih be 

and corresponding passageways described above. By using a solid particulate 
material during film formation, the size of the recesses and corresponding 
passageways can, to some extent, be controlled by the size of the solid particulate 
5 material being used. * 

In one method according to the present invention, the particulate material is 
soluble in a first solvent and the body material, i.e., metals, polymers, or metals and 
polymers, is not soluble in the first solvent. The body material may be soluble in a 
second solvent, although that is not required. By forming the body with a material 

: ;:lb;: : ' v -; ; :- ; that is insoluble in the first sol vent, the partkulate maierialxan; be introduced into the 
body as it is being formed. After the body is formed (with the particulate material at 
least partially encapsulated therein), the body can be contacted with the first solvent to 
dissolve the particulate material, ^ forming the recesses and passageways in the 
body that are described abpye. 

; ;i : 5. - Although the p^ieiilateihateria) is preferably at le^t partially encapsulateci 

by the. body, it w 

completely eric^psiutete^ forming the body. The portion of the 

particulate material that is completely encapsulated may remain within the body of the 
stent after the portion of the p 
: 30 removed. As a result,: it is preferred that the solid particulate material be 

biocompatible. 

Further, it will be understood that the portion of the solid particulate material 
that is only partially encapsulated by the body material will be partial ly exposed, 
where it can be acted on by the first solvent as described herein. 
/-•••' 2$'' Although films for stent bodies according to the present invention can be 

manufactured separately from the support structure of the stent and attached to the 
support structure after formation, the preferred methods according to the present 
. . *;. . invention include forming the films directly on the support structure such that the 

support structure is at least partially, preferably completely, encapsulated by the film. 
30 By at least partially encapsulating the support structure in the films, the integrity of 
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the resulting stent is improved In addition, the support structure can comprise, e g , a 
metal wire, that can provide improved structural characteristics as compared to stents 
formed completely of films. 

The remainder of th^ detailed description will be based bft ^ 
• exemplaiy embodim^ . 

A flexible; polymeric: 
it extends between the ittetatie 

lumen along at least a portion of the length of the cylindrical stent. 

A stent of suitable configuration is shown in FIGS. 1-2. A tantalum wire 2 

10 (having a preferred diameter in the range of about 0.005 inch to 0.010 inch) is initially 

preformed into a two-dimensional zig-zag form, basically creating^a 
band 4, The zi g-zag pattern can vary as to its shape and the ti ghtness of Ihe reversing 
bends. A convenient way of forming the band 4 is to run the wire through a set of co- 
acting gears. The flat expandable band is then wouiid in a helical direction; oil ai ; 

15 mandrel 6 to form a hollow cylindrical shape. Application^^ 

takes place with the cylindrical stent wire applied to a cylindrical mandrel which is 
preferably sized to approximately the diameter of the fully expanded stent. For 
example, for a 3 .0 mm expanded diameter stent, a 3 .0 mm diameter Pyrex glass rod 
can serve as the mandrel. Optionally, the wires can be pretreated to promote adhesion 

20 between the film and the wires. 

With the wire elements located around the mandrel (they may be either in 
contact with the mandrel surface or loosely wound around the mandrel as desired), a 
particulate material is applied to the mandrel and stent such that it is lightly adhered to 
the mandrel The particulate material should be readily soluble in a solvent which will 

2 5 not also dissolve the polymer chosen for the film. For example, crystalline sodium 

bicarbonate is a water soluble material that can be used as the particulate material. 
The particulate material can range from less than about 1 micrometer in diameter to 
about 1 000 micrometers, preferably about 1 micrometer to about 100 micrometers, 
more preferably about 25 micrometers to about 60 micrometers. For uniformity of 

3 0 recesses on the blood-contacting surface of the stent, the sodium bicarbonate particles 



can be screened through successively finer mesh sieves. For example, the sodium 
bicarbonate can be successively screened: through 100, 1 70>270; 325, 400 and 500 
meshanalyt^ 

sizes. In particular, material that passed the 400 mesh sieve (38 microns in diameter) 
but did not pass the 500 mesh sieve (25 microns in diameter) were used to make test 
devices but other fractions cduld also be used. A nonaqueous liquid^ preferably a 
solvent for the polymer film material, can be applied to the niandrel before applying 
the particulate material in order to retain more of the particulate material on the 
mandrel. For example, when a polyurethane is to be used for the film material, the 
solvent i p^tKy 

mandrel before the application of particulate material. Preferably, the mandrel is 
completely dusted with the particulate in the portions of the rnandrel cdated with 
the polymer film. This can be accompli 

allowing it to drain vertically for a few seconds and then dusting the sodium 
bicarbonate onto tfe 

particles adhere. Excess particulate material can be removed by gently tapping the 
mandrel. 

Coating with polymer may proceed immediately following application of the 
particulate material. A polymer is provided in a dilute solution and is applied to the 
particle-coated stent and mandrel. The polymer chosen for the coating can be a 
biostable or a bioabsorbable material having a demonstrated low potential for foreign 
body respbnse. A particularly useful material is an ether-free biostable polyurethane 
as disclosed in U.S. Patent 4,883,854, which incorporated herein by reference in its 
entirety. The polyurethane can be dissolved in NMP to make a 10% solution. Gel 
particles and particulate impurities can be removed from the solution by use of a 
clinical centrifuge. 

The polymer solution can be applied by dipping the mandrel into the solution 
and letting the sol vent evaporate. With the solution of poly urethane and NMP set 
forth above, a single dip in the solution can provide a film of adequate thickness. To 
assist in the formation of communicating passageways through the polymer between 
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bicarbonate particles are preferably dusted onto the polymer solution immediately 
after the dipping operation and before the polymer solution has dried. Excess 
particulate rtlaten 

5 consolidate the polyurethane film on the stent, it can be dipped briefly (about 5 

minutes) in water and then rolled gently against a wetted surface, such as a wet paper 
towel. The stent assembly can then placed into one or more over an 

extended period (e.g., 8 hours) to dissolve and remove the sodium bicarbonate. After 
drying in air at temperatures from about 20 degrees Centigrade to about 50 degrees 

10 . Centigrade, the film then may be trimmed to match the contour of the wire. The 

device so made is shown in Fig. 3 in its expanded form and in Fig. 4 as it is 
compressed onto a balloon catheter for delivery into the blood vessel. Figs. 5-8 depict 
the surface characteristics of 

The surfaces having recesse provided with $ grafted 

15 aritithrombogenic^ 

passageways described above. The antithrombotic or thrombolytic surface is 
preferably provided by covalbritly binding a bioeffective antithrom^ 
thrombolytic agent onto the blood-contacting surface. The antithrombotic or 
thrombolytic agent can usually also be provided conveniently onto the lumen- 

20 contacting surface of the device although such a coating is hot believed to be as 

important as its application to the blood-contacting surface. 

The preferred antithrombotic is heparin which bias been immobilized onto the 
surface of the device in a manner which ^p heparin 
molecule. By heparin, we mean a heterogeneous group of straight-chain anionic 

25 mucopolysaccharides having anticoagulant properties. The heparin used herein can be 

a preparation obtained from tissues in a manner conventional for the preparation of 
heparin as an anticoagulant, the heparin preparation can be obtained from a variety 
of mammalian tissues, including v if desired, human tissue. Generally, porcine or 
bovine sources are used with a preferred tissue for heparin starting material being 
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porcirib ifttestiriil prepared frbnri this tissue source aire 

commercially available. 

The blood-contacting surface; of the device is prepi^ed for heparin grafting by 
providing it with immobilized amine groups which are capable of bonding to 
5 aldehyde groups on the heparin molecule. Such amine groups can be provided by 

methods known to those skilled in the art. For example, amine-functional spacer 
molecules have been used to immobilize a biomolecule and/or biomolccules The 
s^cer insures t^at the 

support so <as to contact the body fluid efficiently. The spacers are derived from 
10 iiprg^c m 

at opposing ends of the molecule. Such groups serve as attachment vehicles capable 
of ^ 

U.S. Patent 5,132,108 to N^y^an et al., a copolymer ^ subjected to 

r^ 

15 the presence of a water vapor pl^nia ^ An aquebus solution of 

pbiyethyleheimirie (^EI) khd 1^3-dime^ 
agent w^ applied tbtheradio^ 

surface. An aqueous solution of heparin and EDG was then applied to the PEI-t^^ 
surface in order to provide a polymeric surface having an anti-thrombogenic agerit 

20 secured to its surface. According to U.S. Patent 4,565,740 to Golander et at. or U.S. 

Patent 5 ,049,403 to Larm et al, a complex of a polymeric cationic surfactant (e.g. a 
pblyatlkyleneimihe) and a difunctional alddhyde (e.g. glutaraldehyde or 
crotonaldehyde) is adsorbed onto a substrate material. Multiple coatings, including 
intermediate layers of anionic material are then applied to obtain an effective coating. 

25 Other improvements in biocompatibility of biomaterials are disclosed in the use of 

multilayer coatings in U.S. Patents 5,229,1 72; 5,308,641 and 5,350,800 which are 
incorporated herein by reference. For example, in U.S. Patent 5,229,1 72, a method is 
disclosed for modifying the surface characteristics of a polymeric material by 
providing a base layer of grafted acrylamide on the polymeric surface which can be 

3 0 used to attach various spacers and biomolecules. Or, in U.S. Patent 5,308,64 1 , is 



<disd^ 

attached to an aminated substrate and crosshnked with a crosshnking agent which is 
difu^ 

for attaching a biomolecule having carboxyl groups to an aminated solid surface by a 



groups. On metal surfaces, the binding of the base layer of such multi-layer coatings 
can be a problem since there is no organic structure to provide covalent bonds 
between^ 

the problem of binding to metals by applying aminosilanes to adhere to the surface 
10; and then attaching the biomolecule to the aminosilane through the amine functionality 

of the aminosilane. This can be seen in U.S. Patent 5,355,433 issued to Rowland et al 
in which an aminosilane is used to adhere a heparin molecule to an oxidized tantalum 
surfa^ 

metal surfaces in U.S. Patent 4,1 18,485 issued to Eriksson et al. Any of these methods 
15 could be used in the present invention so long as the coating is applied in a manner 

which prevents the recesses in the polymer surface from being occluded. 
Preferaty^ 

similar to that disclosed in U.S. Patent 5,308,641 in which a po^ 

covalently attached to a substrate. By polyalkyleneimine, we mean to include the 

20 water soluble; hydro^^ and azctidine 

monomers such as l -unsubstituted imines, I -substituted b^ic iminesv activated 
imines:( i^acyl substituted imines), isom^^ The 
polyalkyleheimines employed in the present inveritibri aire preferably hi 
thereby possessing primary, secondary, and tertiary amine groups. Thus, 

25 ethy lerieimine polymerized by classical cationic chaih-groWth polymerization, either 

alone or with other monomers suitable for copolymerization with ethyleneimine, 
could be used in the present invention. The preferred molecular weight of such a 
polyethyleneimine could range from about 60,000 to about 1,000,000. 

The polyethy leneimine can be attached to a polymer which is grafted to the 

30 surface of the film material. The grafting reaction preferably includes grafting of 
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used to attach the polycthyleneimine to the device surface. Preferably, the grafting 
solution is: an a^ 

5 The grafting reaction may be carried out at temperatures between about 1 8°C and 

25°C. The pH of a grafting solution with eerie ammonium nitrate is typically about 

The amount of cerium ion utilized in the practice of the process of the present 
invention can be varied over fairly wide limits. For example, one may utilize from 
10 about 0.0001 to 0.002 mole of eerie ion per mole of polymerizable monomer. 

Preferably one would use between 0.0002 to 0.0006 mole of eerie ion per mole of 

polymerizable monomer Geric ibri is preferably intro^ 

in the form of a eerie salt. Among the cerium salts adapted for use m 

invention are eerie nitrate, eerie sulfate, eerie ammonium nitrate, eerie ammonium 

sulfate, eerie ammonium pyro^ 

as cerium naphthenate and cerium linoleate and the like. These compounds may be 
employed singly or in combiriation with one another. 

In general, the time required to achieve a desired degree of polymer^ 
may be determined empirically. Thus, for example, acrylan^ 

2 0 may be grafted at different time intervals and the extent of grafting determined by 

staining of functional groups introduced in the graft by chemical modification. The 
length of the jwlymeric chain and graft d varying the 

acrylamide and/or acrylic acid concentration, eerie ion conceritrkiph and temperature. 
On some polymer materials it may be desirable to irradiate the m^rial to provide 

25 additional functional groups to improve the grafting process. It may also be desirable 

to include a polymerization inhibitor such as copper nitrate in the reaction mixture in 
order to control the grafting reaction. An important aspect of the grafted coating for 
the present invention is to maintain a very thin graft layer so as to prevent occlusion of 
the recesses on the film: This can be accomplished by carefully removing any loosely 

30 bound graft polymer from the film surface. With the poly^crylaihide/pblyacrylic acid 
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'.:/./: .. ;/;V,v. \- : . ... • ' , : \-> : :;,"^v. : v - : ■■XC ;. : 

graft polymer described abbv accomplished by water washing the surface 

with a stream of water: 

Attachment of the polyethyleheimine to the grafted surface can be 
acroitiplte^ 

5 where R, can be an alkyl or cycloalkyl group and R 2 can be an alkylamine or 

cycloalkylamine group such as 1 -ethyl-3-(3-dimethyl-aminopropyl) carbodiimide 
hydrochloride, or 1 -cyclohexyl-3r(2^hw carbodiimide. Tftis reaction is 

preferably undertaken in a cold solution (0-4°G) at a;pH of about ;5 a:ltho 
temperature^ 
^tO carbddiimid 

carbodiimide, polyamine and grafted surface can react concomitantly. In the process, 
the carbodiimide reacts with the carboxyl groups on the grafted surface forming labile 
CKacylisourea esters ( 1-),- susceptible to nucleophiHc substitution Reaction w 
amine leads to the formation of a suitable amide bond (2), resulting in effective 

15 immobilization of the poiyethyleneimine: 

Attachment of the heparin molecules to the polyethyleneimine requires 
:•• treatment of the heparin to prpducie^^^ 

can react with primary amine groups on the crpsslinkibd fiolyelhy leheimihe. 
Gbhtrolled oxidation of the heparin 

2 0 reactive aldehyde groups on the heparin molecule is accomplished by treatment wt^ 

such compounds as nitrous acid or sodium periodate. Preferably, the heparin is 
treated by controlled oxidation with periodate; Any water soluble p 
used but preferably the periodate is an alkali metal periodate such as sodium 
periodate. The amount of periodate required is that sufficient to react with no more 

25 than two of the sugar units in the heparin molecule. By sugar, we mean the basic 

disaccharide residues constituting the structure of the glycosaminoglycan. If the 
periodate used is sodium periodate and the heparin used is a commercially available 
injectable form of heparin (i.e. its sodium salt with activity of 160 u/mg), the weight 
ratio of heparin to periodate should be about 30:1 or greater in order to react with no 

30 more than two of the sugar units in the heparin molecule. It will.be appreciated by :■'* 



those skilM in thei^ 
cpmpbunds and p 
and empirical tests. 

The r^U&n te^ 

5 > solution. Generally, buffers having a pH in a neutral to slightly acidic range of about 

4.5 to 8 can be used with lower pH (e.g. an acetate buffer at pH=4.5) being preferred 
if a rapid reaction is desired while a more neutral pH (e.g. a phosphate buffer at 
pH=6.88) is preferred for a slower reaction with a longer storage life. With the acetate 
buffer at a pH of 4.5, the reaction should proceed for about 3 hours while with a 

10 phosphate buffer at a pH of 6.88, the reaction should proceed for about 16 hours. If 

desired, the reacted solution may then be stored prior to use at about 5°C The storage 
stability of the reacted mixture at a neutral pH can extend for 2 to 1 4 days. The 
reactive mixture may then be applied to the immobilized amine groups on the surface. 
Preferably, the reaction mixture is first diluted and the pH adjusted in order to bring 

15 the pH of the mixture to a pH which is favorable for the coupling reaction. For 

example, the reaction mixture can be diluted in an acetate buffer solution (pH=4 .5). A 
mild reducing agent such as sodium cyanoborphydride is added to the diluted mixture 
to effect the reduction of the bonds formed between the reactive aldehyde groups on 
the oxidized heparin and the amine-functional groups immobilized on the surface to 

2 0 be treated. The surface to be treated is^ 

incubated at a sufficient temperature ^ For example, 

the reaction coiild be competed in about 1 -3 hours at 50?C ; ; Alterriatively v the reaction 
could be completed at room temperature over a longer period of time. A surface made 
according to this method is shown in Figs. 9-12. v 

2 5 Delivery of the stent described above is a^ catheter by 

methods which are well known in the art. The stent is placed on a catheter and 
delivered to the remote portion of the body lumen t6 be treated where it is expanded 
into contact with the inner luminal surface. Contrplled radid expansion of the stent is 
accomplished by the force generate 

3 0 for delivery. The radial expansion is achieved by controlled deformation and tension 
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applied to the sinusoidal pattern of the preformed wire band with minimal resistance 
from the film. The catheter is then withdrawn from the body lumen. The low memory 
metal used: for th^ ft 

; assures that the radially expanded stent stays expanded as a permanent implant in the 
5 vessel thus fulfilling its primary intent and function to provide support in a body 

lumen such as a blood vessel for any flaps or dissections in the lumen wall. Animal 
testing of the device in a porcine model included successful application of the 
invention in both uninjured and injured arteries. Figs. 13-16 show the results of a 28 
day implant in an uninjured artery. Figs. 1 3 and 1 4 show the development of a very 
10 "■• "-^iii>i^i£tiiAa over the stent arid Figs. 15 and 16 show the porosity of the film of the 

stent and the migratip 

results of a 28 day implant in an injured artery. Figs. 1 7 and 1 8 show that the injury 
has been contained with only a thin neointima produced at the site of the injury. Figs. 



15 passageways of the film. •• 

Further, since the steift pf the has a reilatiyely large surface 
area in contact with the body lu^ also incoipprate other therapeutic 

substances in br on tiie fllrii siich M patent 
applicatiph WO 91/1 2779 ''Iirt^ vyhichis 

20 incorporated herein by refer^ be used to administer such 

therapeutic substances to the vessel and to the bloodstream for the prevention of 
thrombosis or prevention bfresteribsis in the ve 

It will be appreciated by % %Sb.^/Sl^il^ = "inf- tHfe ;art -tfi&t 'a= filin: inaJGenal with 
recesses can be applied to the windings of the stent by other means than those 

2 5 described above. For ex^j)le; a pre desired thickness can be 

applied to the stent windings : by wrapping a sheath of the film material around the 
stent windings or by wiridirig the film In the case of a relatively 

inelastic film material, the film can be plrovided with folds or pleats when attached to 
the stent in order to provide the necessary flexibility and expandability. Mechanical 

3 o or adhesive attachment methods can be used to attach the film to the windings. 
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: :V- • V ;V '. v \';- : ' ; .;: : : ' • -V" 
It will be appreciatea by those skilled in the art that while the invention has 
been described above in connection with particular embodiments the invention is not 
necessarily so liriiit^ arid that numerous other emtodiments, uses, modifications and 
departures from the embodiments, and uses may be made without departing from the 
;S' : '••.•••';inyentivc concepts;. .'; 



; •;. v. ••' • : ;\ r<4l*'->^ -k ■ :" - • •, 20 ' ; - , ' v ; c ■ ' - • . ■ ' .* ■ • 

\Vhat is claimed is: , 

1. 

having an outer surface and an inner surface, the method comprising steps of: 
forming the body with a film-forming material; 

providing solid particulate material at least partially encapsulated in the body, 
the particulate material being soluble in a first solvent; land 

dissolving ^ the -first sblvent, wherein a plurality: of 

recesses are formed in the body. 

2. A method according to claim 1, wherein the plurality of recesses are formed in 
the inner surface and outer surface of the body; 

3. A method according to claim 

redesses in the inner surface open into at least some of the plurality of recesses in the 
outer surface to f6rm of passageways between the inner and outer surfaces 

of the body, 

4; A rteth6d according to claim 3, further comprising the step of coating at least 
the inner surface of the body with an antithrombotic substance, wherein at least some 
of the plural ity of passaigevvay s remain open after the antithrombotic substance is 
coated on the body . 

5. A meihod accorfing to cimm wherein the body is a film formed on a 
support structure comprising spaced apart elements. 

6: A method according to claim 5, wherein the film has a thickness of about 25 
micrometers to about 400 micrometers. 

7. A method according to claim 6, wherein the plurality of recesses have a 
nominal size of about 1 micrometer to about 100 micrometers. 
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8 A method of manufacturing an intraluminal stent having a body , the body 
having an outer surface and an inner surface, the method comprising steps of 

: : coating at least a portion of a mandirel with solid particulate material, 1 the 
particulate material being soluble in a first solvent; V 

: 7 %rili 

material that is substantially insoluble in the first solvent, the Wy at least partially 
encapsulating the particulate material; and 

/ dissolving the particulate material with the first solvent; wherein a 
recesses ard formed in the b^ 

9. A method according to claim 8, wherein the plurality of recesses ^e 
the inner surface and outer surface of the body. 

10; A method according )to 

recesses in the inner surface open into at least some of the plurality of recesses in the 
fa^uter siirfiace to form a plurality of passageways between the inner and outer surfaces 
pif the body. 

11. A method according to claim 10, further comprising a step of coating at least 
; the inner surface of the body with an antithrombotic substance, wherein at least some 
of the plurality of passageways remain open after the antithrombotic substance is 
coati^ oh the body. 

12; A method according to claim I K wherein the step of forming the body further 
comprises wrapping a wire around the mandrel before forming the body on the 
mandrel witH the film-forming material, wherein the wire is at least partially 
encapsulated within the body, and further wherein the body is a film having a 
thickness of about 25 micrometers to about 400 micrometers. 
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1 3 A method according to claim 12, wherein the plurality of recesses have a 
nominal size of about 1 micrometer to about 1 00 micrometers 

14 A method according to claim 13; wherein the film-forming material comprises 
•5 • '■ a polymer. : : 



25 



15-. A method according to claim 1 3v wherein: the solid part material has a 



1 O 16. An ihtraiumiriai stent for supporting a portion of a vessel comprising 

a support structure c^ elemerits; 
a body having a generally cyliridri^ a film at 

le^tf^ 

about 25 micrometers to about 400 micrometers as measured between an outer surface 
15 and an inner surface of the film; arid 

solid particulate material at least partially encapsulated in the film, wherein the 
particulate material is soluble in a first solvent and the body is substantially insoluble 
in the first solvent 

2 b 17. A stent according to claim 16, wherein at least a portion of the particulate 

material is exposed at the inner and outer surfaces of the body . 

18. A stent according to claim 17, wherein the film is formed of one or more 
materials selected from the group of polymers, metals; and combinations thereof. 



19. An intraluminal stent for supporting a portion of a vessel comprising: 

a support structure comprising spaced apart elements; 

a body having a generally cylindrical shape, the body comprising a film at 
least partially encapsulating the spaced apart elements, the film having a thickness of 
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about 25 micrometers to about 400 micrometers as measured between an outer surface 
arid airi inner surface ■pfthe;fi : ihi:; •.■ . 

a plurality of r^es^s in the inner ^ ait least some 

of the plurality of recesses in the inner surface opening into at least some of the 
5 plurality of recesses in the outer surface; wherein the plurality of recesses have a 

nominal size of about 1 micrometer to about 1 00 micrometers. 

20. Astenticco^ 

encapsulated within the film, the solid particulate material being soluble in a first 
lo solvent in which the film is substantially insoluble. 

21. A stent according to claim 20, wherein th^ 



15 22. A method of rii^ufacturing an intraluminal 

having an outer surface andan inner surface, the method cpmprtsiiig step§ of: 
forming the body :\vi 

providing solid particulate material at least partially encapsulated in the body, 
the particulate material being soluble in a first solvent; 
20 dissolving the particulate material with the first solvent, wherein a plurality of 

open recesses are formed in the body; and 

coating the body with an antithrombotic substance such that at lea^ some of 
the plurality of recesses remain open. 

25 23. A method according to claim 22, wherein the plurality of recesses are formed 

in the inner surface and outer surface of the body. 



24. A method according to claim 22, wherein at least some of the plurality of 
recesses in the inner surface open into at least some of the plurality of recesses in the 
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outer surface to form a plurality of passageways between the inner and outer surfaces 
of the body. 

25. A method according to claim 22, wherein the body is a film formed oh a 
siippbrt stnicture cbmfjrising spaced apart eleni^nts; 

26. A method according to claim 25 , wherein the film has a thickness of about 25 
micrometers to about 400 micrometers. 

27. A method accbrdihg to claiim 26, wherein the plurality of recesses have a 
nominal size of about 1 micrometer to about 100 micrometers. 

28. A method of manufacturing ^ i 

having an outer surface arid an inner surface, the method comprisihg steps of: 

forming a cylindrical body with a plurality of recesses in the inner surface and 
outer surface of the body wherein at least sohie 

surface open into at least some of the plurality of recesses in the outer surface to form 
a plurality of passageways between the inner and outer surfaces of ttife body; and 

coating at least the inner surface of th 
wherein at least some ofthe plurality of passageways remain open after the 
antithrombotic substance is coated on the body: 

29: A method according to claim 28, wherein ^ the body further 

comprises encapsulating a wire within Ae film-forming material. 

30. A method according to claim 28, wherein the plurality of recesses are formed 
at a nominal size of about 1 micrometer to about 100 micrometers. 
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